This Letter presents an experimental study of nonlinear plasmonic effects in gold-stripe waveguides. The optical characterization is performed by a picosecond laser and reveals two nonlinear effects related to propagation of longrange surface plasmon polaritons: nonlinear power transmission of plasmonic modes and spectral broadening of plasmonic modes. The experimental values of the thirdorder susceptibility of the gold layers are extracted. [4] . The nonlinear optical effects associated with propagation of long-range surface plasmon polaritons (LRSPPs) are investigated much less. There are several theoretical approaches to explain the third-order nonlinear susceptibility χ 3 of metals in plasmonic waveguides. One approach is related to the hydrodynamic model [5] , and excitation of phase-mismatched second-order nonlinearities also invokes an effective cubic nonlinearity [6] . Another approach is related to the thermo-modulational interband derivative [7] . In the latter case, the third-order susceptibility for bulk gold is derived from the two-temperature model [8] . However, there are very few experimental data on χ 3 in the case of thin metal layers. An overview of some theoretical and experimental results related to χ 3 of gold has been published recently by Boyd et al. [9] . In particular, the real and imaginary components of the third-order susceptibility of thin gold layers have been measured using the z-scan method [10] . Third-harmonic generation from gold nanoparticles over thin gold layers has been reported recently [11] . The enhancement of nonlinear properties can be even more pronounced if the metamaterials concept is involved as shown in [12] .
Plasmonic waveguides possess unique optical properties. They are utilized in many applications, such as components of integrated optics [1] , nanofocusing of electromagnetic radiation [2] , sensors [3] , and photodetectors [4] . The nonlinear optical effects associated with propagation of long-range surface plasmon polaritons (LRSPPs) are investigated much less. There are several theoretical approaches to explain the third-order nonlinear susceptibility χ 3 of metals in plasmonic waveguides. One approach is related to the hydrodynamic model [5] , and excitation of phase-mismatched second-order nonlinearities also invokes an effective cubic nonlinearity [6] . Another approach is related to the thermo-modulational interband derivative [7] . In the latter case, the third-order susceptibility for bulk gold is derived from the two-temperature model [8] . However, there are very few experimental data on χ 3 in the case of thin metal layers. An overview of some theoretical and experimental results related to χ 3 of gold has been published recently by Boyd et al. [9] . In particular, the real and imaginary components of the third-order susceptibility of thin gold layers have been measured using the z-scan method [10] . Third-harmonic generation from gold nanoparticles over thin gold layers has been reported recently [11] . The enhancement of nonlinear properties can be even more pronounced if the metamaterials concept is involved as shown in [12] .
Here we experimentally study propagation of ultrafast picosecond pulses in the LRSPP mode in ultrathin gold layers. The nonlinear propagation effects reveal self-phase modulation (SPM) and nonlinear losses, giving access to the real and imaginary part of χ 3 , respectively. To our knowledge, such a study has not yet been done in plasmonic waveguides; an earlier study [13] used instead cw-like pumping and obtained significant thermal contributions to the nonlinear phase. As adhesion for gold-strip waveguides we chose tantalum pentoxide. Its nonlinear properties are well-known [14] , and it provides fewer propagation losses in plasmonic waveguides than metallic adhesion materials, such as titanium [15] . The third-order nonlinearities of all constituent materials [metal, adhesion layer, and cladding (here, silica)] contribute to the effective third-order nonlinearity of a plasmonic waveguide mode. Two nonlinear optical effects in the plasmonic waveguides are observed and quantified in the experiment. The first effect is the nonlinear transmission and saturation of the output power of the LRSPP mode. The second effect is the spectral broadening of the LRSPP mode. Both effects are measured for several values of the metal thickness. The third-order susceptibility of gold layers is extracted from experimental data, and the obtained results show the effective enhancement of the nonlinearities for thinner metal layers.
The samples with plasmonic waveguides were fabricated on a silicon wafer with a thick (∼6.5 μm) silica layer on top. A standard UV lithography process was applied to pattern a photoresist layer. Then, a metal layer and adhesion layers were deposited using a sputtering machine. A chemical solution (Piranha) was used to remove the photoresist layer afterward. The profile contained four layers: bottom adhesion layer (∼26 nm), metal layer (∼27 nm), top adhesion layer (∼26 nm), and small silicon dioxide layer (∼21 nm). The layers were deposited one after another in one sputtering program, and the known deposition times and rates were used to calculate the thickness values. The atomic force microscope Dimension Icon (Bruker) was used to measure the waveguide profile [ Fig. 1(a) ] and metal layers roughness [ Fig. 1(b) ]. The inset in Fig. 1(a) shows the deposited multilayer structure. The sharp edges on the waveguide profile are the usual artifacts after the liftoff procedure [16] . The roughness profile on the metal surface shows the spikes with the maximum height values ∼2 nm. The root mean square (RMS) value for the roughness of the deposited metal layers is 0.67 nm. Several measurements of 2 μm regions at arbitrary places were performed and confirmed the reported RMS roughness.
To verify the roughness for the inner layers of the waveguide structure (gold and adhesion), a separate test wafer was prepared. A silicon wafer with a thick (∼800 nm) layer of silicon dioxide was used as a substrate. A metal layer and an adhesion layer were deposited on top by the same procedure, but in different parts of the wafer. Their surfaces were imaged by the scanning electron microscope LEO (Carl Zeiss). The gold surface [ Fig. 2(a) ] has many bright dots related to the roughness spikes, and Ta 2 O 5 surface [ Fig. 2(b) ] is smooth and free from any particles. The imaging shows that both layers are continuous and of high quality.
After the sputtering of the waveguides, a 5.5 μm cladding layer of silica was deposited on top using a standard plasmaenhanced chemical vapor deposition method. The cladding thickness and linear refractive index were measured by a multiple-angle reflectometer (FilmTek 4000). The refractive index for deposited silica is 1.456 at 1064 nm. Overall, three wafers with the metal layer thicknesses t 22, 27, and 35 nm were fabricated by the same procedure and used in the experiment. The ready wafers were diced and several samples with lengths 2, 3, and 4 mm were selected for optical characterization. Each sample contained five identical waveguides with 10 μm width, and 100 μm spacing. Thus, the plasmonic waveguides do not interfere with each other and can be investigated independently.
The experimental setup is shown in Fig. 3 . The laser source is the picosecond pump source for the SuperK EXTREME (NKT Photonics) with the average output power tunable in the range 0-15 W, repetition rate 78 MHz, pulse duration ∼3 ps, and peak wavelength 1064 nm. The free-space laser beam was linearly polarized by a polarizer (Thorlabs), shaped by a Gaussian filter (10LF04-1064, FWHM 3.5 nm, Newport), attenuated by a set of neutral density (ND) filters, and delivered to the sample by a polarization-maintaining fiber (LMA-PM-10, NKT Photonics). The laser beam polarization was aligned to match the fast axis of the polarization-maintaining fiber and transverse magnetic polarization of the LRSPP mode in plasmonic waveguides. The end-fire coupling method was used to excite plasmonic modes [17] . A single-mode fiber (LMA-10, NKT Photonics) collected and delivered the transmitted optical flux to the optical spectrum analyzer (OSA) AQ6315E (Yokogawa). The end-fire coupling alignment was controlled by an optical microscope. Before the transmission measurements, the LRSPP mode in each waveguide was imaged by a lens (Newport) and camera beam profiler (Thorlabs), and the transverse magnetic polarization of the plasmonic mode was verified by the linear polarizer [18] . This polarization check verifies coupling to the LRSPP mode in each plasmonic waveguide.
First, the linear characterization of the plasmonic waveguides was performed. The laser was tuned to a low average power (<1 mW), and the transmitted power was measured by the OSA for waveguides with different lengths and metal thicknesses. The insertion loss graphs are used to calculate propagation loss α per unit length and coupling loss C per two facets (Table 1) . For each value of the length and thickness, the measurements of five identical waveguides are averaged, and the linear fit is calculated by the least squares method. The obtained experimental values show that the linear propagation loss per unit length increases in ∼1.8 times as the gold layer thickness increases from 22 to 35 nm. The coupling loss per two facets varies by ∼10%, and is completely within the calculation errors. This conclusion is in accordance with the previous measurements of the similar plasmonic waveguides [19] . The obtained values for α are ∼2-3 times higher than the results published by Berini et al., and several possible reasons explain this. First, the maximum values of the roughness spikes of the gold layers are ∼2 nm, in comparison with ∼1 nm in Ref. [19] . Second, the peak wavelength 1550 nm used in Ref. [19] provides lower attenuation of the LRSPP mode in plasmonic waveguides than the peak wavelength, 1064 nm [20] . We expect that the sharp edges on the waveguide profile in Fig. 1(a) do not contribute significantly to the propagation losses as the field intensity of the LRSPP mode is close to zero at the waveguide edges [20] .
In order to obtain the necessary amount of measurements, the input power was varied by either changing the ND filters or the output power from the laser. The transmitted power was measured by the OSA for the 3 mm waveguides. The obtained dependencies of transmitted power P out with respect to delivered power P in have nonlinear trends of dependencies P out P in at high values of input power (Fig. 4) . These nonlinear trends depend on the metal layers' thickness. The plasmonic waveguides with thinner metal layers have more pronounced rel- ative deviation from the linear power dependences at the same values of P in . The second feature is that these nonlinear trends depend on the metal layers' thickness. The plasmonic waveguides with thinner metal layers have more pronounced relative deviation from the linear power dependences at the same values of the input power. For each value of the metal thickness the measurements of five identical waveguides are averaged and the nonlinear curve fit is calculated a P out aP in − bP Table 1 . The coefficient a is related to the linear loss parameter α of the LRSPP mode as a e −αl , where l is the waveguide length. The calculated values of α are 8.82 dB/mm, 12.0 dB/mm, and 17.3 dB/mm for the metal thicknesses 22, 27, and 35 nm, respectively. These values are somewhat higher than the values of linear losses at low-power characterization, and the origin of this is at present unclear. The coefficient b is related to nonlinear absorption coefficient β of the plasmonic mode. The nonlinearities of the constituent materials (metal, adhesion, and cladding) in plasmonic waveguides, as well as heating for high powers, contribute to the effective nonlinearity of the LRSPP mode.
In terms of the nonlinear response of the constituent materials, gold has a dominant contribution in the effective third-order susceptibility χ 3 eff of the plasmonic mode [21] . It is related to the nonlinear coefficient β as β β c ∕A eff 3ωImχ 3 eff ∕2ε 0 c 2 n 2 0 A eff . Here β c is the conventional definition of the nonlinear absorption coefficient [22] , ω 2πc∕λ is the light angular frequency, c is the speed of light in vacuum, ε 0 is the vacuum permittivity, n 0 is the effective linear refractive index, and A eff is the effective area of the LRSPP mode. The nonlinear coefficient b depends on both the nonlinear parameters of the LRSPP mode and the laser parameters. By considering the pulse-propagation equation [23] , it is straightforward to show that the ratio b∕a ≈ β∕αT f rep , where T is the laser pulse duration, and f rep is the laser repetition rate. We analyzed the structure of our plasmonic waveguides, where the total effective nonlinearity has contributions from all layers, calculated through the overlap integral of the spatial distribution of the plasmonic mode in each layer and using the respective bulk nonlinearities. The values of the field integrals from the gold core θ Au are ∼1.1 × 10 −4 , ∼1.4 × 10 −4 , and ∼1.9 × 10 −4
for the layers thickness 22, 27, and 35 nm, respectively. And the values of the effective area of the waveguide are ∼11.2 μm 2 , ∼10.2 μm 2 , and ∼9.2 μm 2 , respectively. Through this analysis, which will be presented in detail elsewhere, we found that gold has by far the dominating contribution to the total effective nonlinearity: the contribution from the gold layer is 2 orders of magnitude bigger (∼10 −20 m 2 ∕V 2 ) than the one from the tantalum pentoxide layer (∼10 −22 m 2 ∕V 2 ), although the latter has a quite large cubic nonlinearity [14] . The calculated value of the real part of the effective refractive index of the plasmonic mode Ren eff ≈ 1.47 is much larger than the value of its imaginary part Imn eff ≈ 0.01. Therefore we can take as a good approximation the following formula for the nonlinear absorption coefficient β ≈ 3ωθ Au Imχ
Au is the third-order susceptibility of the gold layers, and coefficients a and b are used to extract the imaginary part of χ 3 Au . The spectra of the transmitted optical flux were measured by the OSA and in the range 1058-1069 nm (Fig. 5) . The spectral broadening and splitting are observed, a clear sign of SPM influenced by two-photon absorption from the real and imaginary part of χ 3 , respectively [24] . This was confirmed with numerical simulations of the nonlinear Schrödinger equation, giving almost identical spectra as those in Fig. 5 , where the experimental input pulse was used and no free parameters were adopted (all linear and nonlinear parameters were those calculated by our waveguide analysis or measured experimentally). The spectral broadening and splitting in the output spectra differs slightly for each case. We compared the values of the effective spectral widths for the input pulse and output pulses at the splitting level (∼0.05), where for simplicity, the side peaks with lower intensities (∼0.01-0.03) were neglected. To do an analytical estimate, we approximate the input pulse with a Gaussian one and calculate the nonlinear spectral broadening factor (SBF) from comparing it to a Gaussian fit to the two distinct SPM peaks. The SBF then relates to the effective nonlinear coefficient γ by [23] : where γ ωn 2eff ∕cA eff ; P 0 is the peak power of an input pulse, n 2eff is the effective intensity-dependent refractive index of the LRSPP mode, and l is the length of a plasmonic waveguide. This result assumes a purely Gaussian input pulse, which is transform-limited (no chirp across the pulse). Although the input pulse in the experiment was not transform-limited and its spectrum had multiple modulated peaks, this expression serves as a rough estimate of the effective waveguide nonlinearity γ in the sample; such an approach is also justified by the close agreement with the numerical simulations. Using the relation between n 2eff and Reχ The calculated values of the third-order susceptibility for gold layers with different thicknesses, and the calculation errors are presented in Table 2 . Both the real and imaginary parts decrease as the layer thickness increases. The values for the third-order susceptibility are plotted in Fig. 6 and the nonlinear curve fit is calculated as χ Au behavior is in accordance with previous measurements of thin gold layers using the z-scan method [10] . Figure 6 also indicates the thickness limitations. Application of the Drude model to ultrathin gold layers is questionable; also, the possible layer clustering process [26] makes fabrication of such waveguides challenging. On the other side, the LRSPP mode breaks down at the gold layers' thicknesses above 50-60 nm due to the small penetration depth of the electromagnetic field in metal [20] .
There are two possible reasons to explain the increase of the third-order susceptibility in gold layers with reduction of their thickness. First, the effective enhancement of the third-order nonlinearity in an ultrathin metal layer can be caused by the change in the free electrons' motion due to the confinement factor. Consequently, their collisions frequency increases, and it leads to the effective increase of the dielectric permittivity of a metal layer. This, in turn, causes the increase of the third-order susceptibility of the metal layer. Second, by considering the ultrafast electrons dynamics in metal [8] , it is possible to assume that, for the electrons heated by a laser pulse, the characteristic thermalization rates with other electrons and the metal lattice change with the thickness. It may also lead to the effective enhancement of the third-order susceptibility in a metal layer [8] . 
